Intrinsically disordered proteins (IDPs) are either completely unstructured or contain large disordered regions in their native state; they have drawn much attention in the field of molecular pathology. Some of them substantially tend to form protein self-assemblies, such as toxic or non-toxic aggregates and fibrils, and have been postulated to relate to diseases. These disease-related IDPs include Ab(1-42) [Alzheimer's disease (AD)], Tau (AD and tauopathy), a-synuclein (Parkinson's disease) and p53 (cancer). Several studies suggest that these aggregation and/or fibril formation processes are often initiated by transient conformational changes of the IDPs prior to protein self-assembly. Interestingly, the pathological molecular processes of these IDPs share multiple common features with those of protein misfolding diseases, such as transmissible spongiform encephalopathy (PrP sc ) and AL-amyloidosis (V L -domain of c-immunoglobulin). This review provides an overview of solution NMR techniques that can help analyse the early and transient events of conformational equilibrium of IDPs and folded proteins.
Intrinsically disordered proteins (IDPs) are either completely unstructured or contain large disordered regions in their native state; they have drawn much attention in the field of molecular pathology. Some of them substantially tend to form protein self-assemblies, such as toxic or non-toxic aggregates and fibrils, and have been postulated to relate to diseases. These disease-related IDPs include Ab [Alzheimer's disease (AD)], Tau (AD and tauopathy), a-synuclein (Parkinson's disease) and p53 (cancer). Several studies suggest that these aggregation and/or fibril formation processes are often initiated by transient conformational changes of the IDPs prior to protein self-assembly. Interestingly, the pathological molecular processes of these IDPs share multiple common features with those of protein misfolding diseases, such as transmissible spongiform encephalopathy (PrP sc
Physicochemical Properties and Molecular Functions of Intrinsically Disordered Proteins
Intrinsically disordered proteins (IDPs) are drawing attention of biologists in terms of protein sequencefunction relationships (14) . IDPs (including 'disordered regions,' referred to as IDRs) are characterized by their lack of compact structures under physiological conditions, which are examined by structural biology techniques such as X-ray crystallography and solution NMR (58) . In case of X-ray crystallography, IDPs are passively observed by missing atomic coordinates from the PDB file, or high B-factors. IDPs are suggested to be flexible and highly heterogenic, in terms of their conformation. This high conformational heterogeneity without a stable compact folded state is a distinguishing property of IDPs. Accordingly, physiological functions of IDPs are also an important issue, because numerous genome projects have indicated that substantial numbers of genes encoding IDPs are present in almost all organisms, ranging from bacteria to eukaryotes (6, 9) .
IDPs have been shown to have many divergent biological functions, such as cell signalling, transcription and translation (7, 1012) . Potential molecular functions of IDPs are summarized in Fig. 1A . IDPs exert their molecular functions using their conformational flexibility and heterogeneity. IDRs act as flexible linkers that connect two distinct domains or motifs and facilitate the capture of target molecules within a certain space (fly-casting mechanisms). IDRs can serve as substrates for other enzymes such as proteases and kinases, resulting in post-translational modification of proteins. IDRs can serve as interfaces to proteinprotein interactions (PPIs). If they work in an intra-molecular manner, IDRs may autoinhibit the molecule. In some cases, IDRs adopt a local structural element, the formation of which is often dependent on PPIs with other molecules and is known as 'coupled folding and binding' mechanism. Figure 1B illustrates in detail mechanisms that are one of the most characteristic features of IDPs. Before the concept of IDPs was widely accepted by biologists, researchers worked to understand PPIs in the classical context of a lockand-key model in which a rigidly folded protein complementarily binds to another rigidly folded partner. Currently, most PPIs involving IDPs follow this 'coupled folding and binding' process shown in Fig. 1B (13) . When conformational changes occur after the encountering of IDPs to their partner molecules, after complex formation, the mechanism is called 'induced fit' (top). On the other hand, if the local structural element formation is prior to binding, the mechanism is called 'conformational selection' (bottom). In literature, both mechanisms have been observed (14) . To elucidate such properties, an elegant series of NMR studies and analysis of the data obtained by relaxation dispersion experiments were demonstrated by Wright's group (13, 14) .
Common Molecular Processes Underlying the Pathogenesis of Disease-Related IDPs and Protein Misfolding Diseases
It should be noted that several IDPs showed strong relationships to diseases, such as Ab(1-40/1-42) (AD), Tau (AD and tauopathy), a-synuclein (PD) and p53 (cancer) ( Table I ). Because many of these diseaserelated IDPs often form protein aggregates, including toxic oligomers, insoluble fibrils and amyloids, we compared and summarized these pathological processes with other protein misfolding diseases (Fig. 2) . In the case of the protein misfolding diseases, the folded protein will eventually form protein aggregates. As shown in Fig. 2 , both processes are very similar. In the case of disease-related IDPs (Fig. 2, top) , the 'local structural element' is the key molecular species that forms the 'nucleus' of protein aggregation (In Fig. 2 , a single a-helix drawn by the cylinder in the middle of figures is an example of the local structural element). In the case of protein misfolding diseases, this is replaced by a 'partly unfolded molecule.' Usually, it is believed that compactly folded proteins are soluble and thermodynamically stable under physiological conditions at body temperature. Therefore, both transient states are called 'aggregation-prone' species. For many folded proteins associated with misfolding diseases, only a few critical amino acid substitutions may drastically affect their pathogenicity. This is caused by increasing population of partially unfolded species by the mutation. When two or more aggregationprone monomer species encounter each other, a small invisible oligomer 'nucleus' forms. The 'nucleus' drastically enhances the self-assembly rate of the protein monomer into aggregates or fibrils. This phenomenon is known as a 'nucleation-dependent process. ' In most cases, an elevated concentration of aggregation-prone species is important for nucleation, which is achieved by the neutralization of electrostatic repulsion at the isoelectric point or contact of monomer species with gas-liquid or liquid-membrane interfaces, demonstrated in vitro (1518). Absorption of monomer species on membrane surfaces is one of the major factors that initiates nucleation in vivo (18, 19) . Regardless of whether the polymerization process is nucleation-dependent or independent, most aggregation formation processes are irreversible. One possible explanation of why such protein aggregation is irreversible is 'supersaturation.' Recently, many protein aggregates and amyloid formations were shown to be strongly related to the supersaturating state of the monomer species (2022). It should be noted that the bioinformatic analysis tool TANGO can discriminate aggregation-prone sequences, which is sometimes amyloidogenic, from relatively long IDPs (23) . From extensive analyses of IDPs and aggregation-prone sequences, Rousseau et al. observed solubility-enhancing residues or sequences often associated with aggregation-prone regions (24) . Based on this observation, they proposed a 'gatekeeping residue' hypothesis, in which mutation(s) on the solubility-enhancing residues may become a trigger for aggregation. The hypothesis may connect a gene mutation, the physicochemical property of disease-related IDPs, and pathogenesis of protein aggregation (24, 25) .
In this review, we focus on pathogenesis of 'endogenous' disease-related IDPs, whose genes are encoded in human genome, in accordance with their misfolding and self-assembly. However, it should be noted there are the other large number of examples according to the pathogenic IDPs originated from various bacteria and viruses. Since IDPs are potential hub molecules to bind many other target proteins promiscuously, the pathogenic heterogeneous IDPs may act as strong disturbing factors against healthy protein-protein network. Many examples are found in the recent reviews (2630). 
Solution NMR and Other Methods That Can Provide Information Important to Study Disease-Related IDPs
As shown in Fig. 2 , there are several critical processes for displaying pathogenesis of disease-related IDPs. There are several comprehensive solution NMR methods for analysing such processes in solution (Supplementary Table SI) .
Methods for IDP/non-IDP discrimination
At the beginning of a molecular study, the researcher should discern whether the origin of the disease-associated aggregation (or fibril) of interest arises from an IDP species or a folded protein species. One of the most conventional methods to discern whether the protein of interest is an IDP or not is to measure 1 H-15 N HSQC spectra and assess the narrow dispersion of the 1 H N chemical shift (usually 7.68.6 ppm). Using this method, p53 and full-length human Tau were identified as completely intrinsically disordered (14, 31) . Similarly, Ab(142) is one of the best known examples of disease-related IDPs because it was shown to be disordered and monomeric in physiological aqueous conditions (32, 33) . However, this monomeric property needs attention because the peptide is less soluble (usually under 100 mM), and the presence of dimer or trimer species was predicted to have pathological relevance. Full-length a-synuclein was also analysed by NMR and shown to be an IDP (34) . If the protein of interest is composed of mixed IDP and non-IDP residues, residue-wise discrimination of IDR is available from its PDB structural ensemble. In such a case, use of a threshold >3.2 Å of root mean square displacement (r. m. s. d.) of backbone Ca atom positions is the criteria (8) . Alternatively, the { 1 H}-15 N heteronuclear Overhauser effect (hetero-NOE) method provides residue-wise information regarding very fast molecular fluctuations, consistent with the highly flexible nature of IDRs (35) . This method was used to compare the local dynamics of Ab(142) according to its M35 oxidation (36) . The local and global flexibility of IDPs is an important property that may be related to its biological function of 'fly-casting.' The authors developed an indirect HSQC-based method to classify IDPs' overall flexibility using membrane protein fusion (37) . More recently, we developed another NMR-based discrimination method using 1 H N chemical shift temperature coefficients ( 1 H N -CSTC) (manuscript submitted). All these techniques are useful to classify whether the source of disease-related protein aggregation of fibrils originated from either disordered species (IDP-related pathway) or folded species (protein misfolding pathway), as shown in Fig. 2 . This classification seems important because it may affect the strategy of screening of inhibitors at the very beginning of the pathological steps, either to perturb the formation of a transient local structural element or to stabilize the existing folded structure.
Methods for characterizing local structural elements of IDPs as well as partially unfolded states of folded proteins Further, several solution NMR methods provide physical parameters of nuclear spins that arise from part of the local structural elements of IDPs as well as the partially unfolded region of folded proteins. The most common approach is to use several 15 N spin relaxation parameters (35, 38) . The experiments require a 15 N-labeled sample of the protein of interest and a series of 2 D NMR experiments. Usually, the measurements occupy NMR spectrometers for several days. If the sample is mostly globular and partly disordered, the spin relaxation data are interpretable using 'modelfree' analyses (39) . On the other hand, if the sample is basically unfolded, its analysis may need special attention. Local dynamics of Ab(140) in aqueous solution were well studied by this method (40) . The authors have further expanded this relaxation approach to establish a new method called dark-state NMR spectroscopy (DEST) to investigate the atomic resolution dynamics of the monomer to fibril transition of Ab(140) (41, 42) .
Another useful NMR approach to characterize IDPs and partially unfolded proteins determines the proton/ deuterium exchange rate (HDEX) (43 (45) . The technique was recently applied to study dimerization of amyloid precursor protein in dodecyl phosphocholine micelles (46) as well as to investigate residual secondary structures at the N-and C-termini of a-synuclein (47) .
Another approach, NMR-based secondary structure prediction, is useful to detect the presence of any local conformational elements in IDPs. The method is known as the 'chemical shift index' method and is based on backbone 13 Ca, 13 Cb and 13 Co chemical shifts (48) . The method has been further developed because the theoretical prediction of 13 C chemical shifts of random coils has become very accurate (49) .
Methods for analysing equilibrium between disordered and partially folded state The NMR relaxation dispersion experiment is a powerful method to quantitatively characterize the chemical exchange of two or more states of molecules in solution (50) . The method was extensively developed to analyse the coupled folding and binding mechanism of IDPs (13, 14, 51) . This method is based on the measurement of the transverse relaxation parameter of 15 N spins, similar to the 15 N transverse relaxation rates (R 2 ) experiments described above. The method was effectively used to investigate the disease-related partially unfolded state of superoxide dismutase 1, the protein causing amyotrophic lateral sclerosis (52, 53) . The method was applied to study an inhibitory mechanism of Ab fibril formation by Zn 2+ (54) . The DEST experiment (41, 42) , also used to study Ab fibril formation dynamics, is an expanded variation of the relaxation dispersion experiment.
Methods for detecting and characterizing aggregation nuclei In many cases, fibril formation occurs in a nucleusdependent manner. The determination of the nuclei size is important. However, the aggregation nucleus is only a minor component and often not observable by NMR. Diffusion-ordered spectroscopy (DOSY) is the NMR method that provides the translational diffusion constant of the sample. If the sample is a mixture of several species with different oligomerization numbers, DOSY gives different peaks corresponding to each oligomer. Therefore, the technique was used to study the characterization of the initial oligomerization state of Ab(140) (55) and Ab(142) (56) .
The characterization of the aggregation nucleus itself as well as the analysis of the equilibrium between monomer and oligomer (this process is reversible in many cases) is important. The presence of a transient dimer and/or trimer of Ab(140)/(142) on the passage of their oligomerization has been long predicted (57) but is not yet proved in aqueous conditions by NMR. We recently discovered that Ab(142) forms a dimer in (1,1,1,3,3,3) -hexafluoroisopropanol (HFIP) in a concentration-dependent manner (58) . In the research, a very simple NMR experiment was performed and the concentration-dependent change of the chemical shifts of 1 H N was monitored. Although HFIP has been considered as the strongest 'monomerizing agent' for aggregated Ab(142) (59), our result got researchers' attention to how HFIP is to be replaced before subsequent biochemical experiments.
Conclusion and Perspectives
Common and uncommon routes of pathogenesis underlying IDP-related diseases and protein misfolding diseases suggest potential points of intervention (Fig. 2) . During the first process, destabilizing agents for the formation of a local structural element in IDPs are potential chemotherapeutics, whereas stabilizing agents for native conformational states of diseasecausing proteins should be screened for protein misfolding diseases. Compounds that inhibit self-assembly of aggregation-prone intermediates are candidates for both IDP-related and protein misfolding diseases. In addition, compounds that prevent the propagation of aggregation can be drug candidates. Chemical chaperones, a class of compounds that revert aggregates into monomers, are yet another drug candidate class. Contrastingly, therapeutic antibodies against specific aggregates can only work for the prevention of symptoms if the pathologic process involves gain of toxicity. As described above, solution NMR is the only method providing information on IDPs and their conformational mixtures in a residue-wise resolution. Of course, the NMR approaches also have some demerits, as follows, (1) requirement of isotope labelling, (2) requirement of recombinant sample preparation system, possibly in E. coli and (3) most of the methods do not work at all when the IDP adopts pre-molten globule state. The second issue is sometimes very critical for obtaining the isotopically labelled IDPs with a reasonable cost. Combinations of several solution NMR techniques or the other biophysical methods allow the study of the whole process of pathogenesis. Therefore, NMR spectroscopy potentially facilitates multiple approaches to drug development against IDP-related diseases.
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